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Introduction
Atmospheric pressure plasma jets have been used in recent decades for numerous applications. Because plasma jets are non-thermal, two of the most rapidly growing fields are surface functionalization [1] and plasma medicine [2] to treat e.g. various biomedical surfaces [3] [4] [5] . In order to understand what is happening in the treated sample and how the discharges are produced by the plasma jet, it is important to have various diagnostic tools available.
This work presents an imaging diagnostic based on Mueller polarimetry, which was designed to investigate electric fields and charge deposition at a dielectric target, due to the impact of guided ionization waves generated by the plasma jet. It is found that using Mueller polarimetry to investigate an electrooptic BSO crystal, it also allows us to obtain the temperature profile induced in the target. BSO crystals have been used in the past for the investigation of electric fields generated in targets by a plasma jet [6] and surface charge deposition by DBDs [7] .
Mueller polarimetry is an optical technique to investigate a material by capturing the complete Mueller matrix, measuring the change of the polarization of light that interacts with the material [8, 9] . The Mueller matrix is a general tool to describe the optical properties of a material [10] .
Mueller polarimetry is used to investigate the behavior of an electro optic target (BSO crystal) under exposure of guided ionization waves produced by an atmospheric pressure plasma jet. For the first time, this optical technique is time resolved to obtain the complete Mueller matrix of the sample right before and after the impact of the discharges. By analyzing the induced birefringence, the spatial profiles and local values are obtained of both the electric field and temperature in the sample. Electric fields are generated due to deposited surface charges and a temperature profile is present, due to the heat transferred by the plasma jet. The study of electric field dynamics and local temperature increase at the target, due to the plasma jet is important for biomedical applications, as well as surface functionalization. This work shows how Mueller polarimetry can be used as a novel diagnostic to simultaneously acquire the spatial distribution and local values of both the electric field and temperature, by coupling the external source of anisotropy to the measured induced birefringence via the symmetry point group of the examined material.
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The basics of Mueller polarimetry
The polarimeter, shown in figure 1, consists of two polarizers and four ferroelectric liquid crystals. These liquid crystals relate to two half-wave plates and two quarter-wave plates, with controllable orientations. Their orientation depends on the voltage applied and their initial orientations α i [11] . As such, the amount of light coming from the diode reaching the ICCD camera is controlled.
By subsequentially applying a positive or negative voltage to the four liquid crystals, 16 different intensity images are retrieved, forming a 4 by 4 matrix B. Matrix B is transformed to the Mueller matrix of the sample using the Mueller matrices of the PSA and PSG. These two matrices are obtained through a calibration, using four calibration samples [12] . During calibration, the plasma jet and electro optic target are removed. The first calibration sample is a measurement performed of air, while the other three consist of two polarizers (horizontally and vertically) and a retarder at 30°. This provides four intensity matrices that are used to characterize the PSA and PSG following the calibration eigenvalue method [12] .
The obtained Mueller matrix of a sample contains all the optical properties but the information is entangled, as such it has to be analyzed properly [9] . For measurements done in transmission of continous materials, the basic polarimetric properties are retrieved using the logarithmic decomposition [13] [14] [15] . This approach implicates that the total optical properties result from the accumulation along the optical path (z-axis) through the material.
By taking the logarithm of the Mueller matrix M, the differential matrix is obtained and separated into depolarization and non-depolarization parts [14] . The non-depolarization matrix L m contains diattenuation and birefringence. See equation (1) with L indicating linear polarized light (in 0/90 coordinate system) and C circular polarized light. An apostrophe ′ is added to indicate linearly polarized light in the diagonal system (45/135 deg). The optical properties diattenuation and birefringence are indicated with D and B, respectively. As such, elements {2,4} and {4,2} show the linear birefringence in the diagonal system. Throughout this article, specific elements within the logarithmic decomposed matrix are denoted using curly brackets {}.
(1)
Externally induced birefringence
Birefringence in a material occurs when the orthogonal components of an electromagnetic wave travels through the material with different velocities, due to a difference in the refractive index [16] . A material's refractive index can be described using the index ellipsoid, see equation (2) with x, y and z the optical axis of the material and n i the respective refractive index [17] . Normally, BSO is an isotropic crystal with refractive index n o = 2.54, but anisotropy can be induced externally via electric field or stress. Then, the index ellipsoid changes, generally described by adding six terms ∆η i to the impermeability tensor A [18] , see equation (3) . These terms depend on the external source of anisotropy.
To calculate the induced birefringence, the resulting two dimensional ellipse formed after intersecting the ellipsoid and the plane wave, see equation (4) with k = (k x , k y , k z ), has to be investigated [19] .
In this research, the BSO crystal is used in transmission where light travels through it at normal incidence. This means the direction of propagation is parallel to the z-axis, i.e. k x = k y = z = 0, and the index ellipsoid simplifies into an ellipse in the XY-plane, described by equation (5).
The axis of this ellipse is investigated, which corresponds to the experienced refractive index. The axis that has to be taken into account is determined by the polarization direction of the light.
Two independent cases are measured using Mueller polarimetry, respectively, when light is polarized along the x and y-axes (the 0/90° coordinate system) or along the diagonals (the 45/135° coordinate system). Birefringence in the first coordinate system is referred to as LB and in the second as LB , defined by equation (6), with d = 0.5 mm the travelling distance through the material (thickness of the crystal), λ = 530 nm the wavelength of light and ∆n the experienced difference of refractive indices in a certain coordinate system.
To evaluate LB, the experienced refractive indices along the x and y-axes are calculated using equation (5) . The induced anisotropy terms ∆η are assumed to be small enough to allow a Taylor expansion, see equations (7) and (8) .
The difference is taken from the experienced refractive indices to obtain ∆n 0/90 •, see equation (9) . For the birefringence LB , the refractive indices along the diagonals are examined, assuming x = y and x = −y. Again, a Taylor expansion is used and the difference is taken to evaluate ∆n 45/135 •; see the results given by equation (10) .
External electric field can induce anisotropy in materials according to the Pockels effect and Kerr effect. The linear relation between the refractive index and electric field is described by the Pockels effect, which only occurs in materials that lack an inversion symmetry [20] . This includes the BSO crystal used in this research. Since the Pockels effect is of first order, the Kerr effect can be neglected in BSO. The ∆η i terms from the perturbed index ellipsoid are coupled with the external electric field E = (E x , E y , E z ) by using the electro optic tensor [18] :
The specific electro-optic tensor T of BSO is found in the literature [18] , which is substituted to get the final relation for LB and LB as a function of the electric field components. For BSO, the only electro-optic constant present is r 41 , which is determined by the manufacturer of the BSO crystal and given by 4.
. We verified this value experimentally. The unperturbed refractive index n o is 2.54. Equation (12) shows that no retardance is expected in the 0/90 coordinate system and that the retardance experienced in the diagonal system only depends on E z , regardless of any radial electric field.
(12) Additional to the electric field, strain or stress in a material can also cause birefringence. In this case, the ∆η i terms are coupled with the strain vector S = (S 1 , S 2 , S 3 , S 4 , S 5 , S 6 ) using the photo-elastic tensor. The specific photo-elastic tensor P of BSO is again found in the literature [18] , while unfortunately only limited values of the tensor elements are reported in [22] given by p 11 = 0.16, p 12 = 0.13 and p 44 = 0.12.

The strain vector S is defined by derivatives of the displacement vector. In case of plasma induced birefringence, a local temperature distribution could cause local displacement through expansion. As such, the displacement vector components are directly coupled with the temperature gradient with an unknown coupling factor α. Since the thickness of the BSO crystal used is much smaller than the radial dimensions, the derivatives to z are neglected. This results in the following expression for S:
As a result, the retardance induced in the 0/90 system depends on a combination of the second derivative of the temperature distribution T(x, y) to x and y. The retardance induced in the diagonal system depends on ∂ 2 T/∂x∂y, see equation (15) .
Obtaining the imaging Mueller matrices
The complete imaging Mueller matrices are obtained using the polarimetry setup discussed above, right before and after the guided ionization waves impact the target. This is achieved by externally triggering the system using the current peak, shown in figure 1(b) . As such, repetitive images can be taken at the exact same moment within the discharge cycle. The current peak is related to the ignition of the discharge within the capillary between the inner powered electrode and outer grounded ring [23, 24] .
The plasma jet consists of a dielectric pyrex capillary with an outer diameter of 4 mm. Inside the capillary is a stainless steel tube through which helium flows at 1 slm and which is connected to a high voltage power supply, delivering a 30 kHz sinewave with an amplitude of 2 kV. As a result, one guided ionization wave is formed within each period of 33 μs and impacts the target, which is 7 mm away from the end of the capillary. A grounded ring is attached around the dielectric capillary, 5 mm away from the end of the powered electrode and used to measure the current. A more comprehensive description of the plasma source is found in [23] .
Being able to trigger the entire system externally is a crucial requirement, since 16 different states have to be examined and multiple exposures are desired to reduce noise. The guided ionization waves generated by the plasma jet allow for this, since these discharges are extremely reproducible. Every one of the 16 states of the intensity B matrix is obtained with multiple exposures of 1 μs. All of the exposures of a certain state are acquired at the same time delay relative to the current peak, but in a new plasma cycle.
A time delay is set relative to the current peak. When a delay is chosen of 1 μs, the ionization wave has not impacted the target and as such there are no induced electric fields, while with a delay of 8 μs, the impact has occurred already and the plasma is not present anymore. Yet there are surface charges that have been deposited by the ionization wave. This induces electric field in the target [24, 25] .
For these measurements, any jitter present in the generation of the ionization waves or the impact at the target is negligible and not important, since changes are investigated before and after the impact and not during. It is shown in [24] that after impact, the charges at the surface remain constant for approximately 10 μs until the AC polarity changes and a weak back discharge removes all of the surface charge.
Since the plasma jet consists of many discharge events, a steady state temperature profile is expected through heat transport via the helium flow on the target. As such, the effect of temperature induced strain is observed both before and after impact of an ionization wave. Hence it is possible to separate the effect of electric field and the temperature induced strain.
The obtained Mueller matrices are decomposed using the logarithmic decomposition in order to retrieve the optical properties of the electro-optic target. The main focus lies on the change of linear retardance due to plasma interaction. Figure 2 shows the logarithmic decomposed imaging Mueller matrix obtained right before impact of the guided ioniz ation waves. The depolarization part is left out and as such only diattenuation and retardance are shown in the L m matrix. The BSO crystal is not inducing any depolarization, except for some scratches on the surface.
Diattenuation is zero both before and after impact, shown in matrix elements {1,2-4} and {2-4,1}. Circular retardance is also constant throughout the plasma period, but non-zero because of the optical rotatory power of BSO [26] , see matrix elements {2,3} and {3,2}. Circular retardance is the only nonzero element in the Mueller matrix of BSO when there is no external influence.
Linear retardance both in the 0/90 coordinate system {3,4}, as in the 45/135 system {2,4}, shows a non-homogeneous pattern which changes after impact. This is visualized in figure 3 , showing the linear retardances before and after impact in the two coordinate systems. LB does not seem to change significantly due to the impact, however LB shows an additional pattern after the ionization waves have deposited charges at the surface of the target.
Resulting electric field and temperature
When the difference is taken between the linear retardances before and after the impact, the electric field can be calculated using the change of total linear retardance. This is shown in figure 4 . The pattern and values relate with previously obtained electric field patterns where a simpler Senarmont setup is used [24, 25] . With this simpler setup, the focus lies solely on retardance in one optical coordinate system, while measuring the complete Mueller matrix allows a more comprehensive examination. This is further discussed below. The electric field pattern relates directly to the area where the ioniz ation waves interact with the target and deposit charges.
The maximum electric field value observed is approximately 6 kV cm
. This is an average value throughout the thickness of the crystal, which is 0.5 mm. Only when the area where charges are deposited is much larger than the thickness of the sample, the average electric field will be equal to the surface value. Since that is usually not the case, a compensation procedure is needed to retrieve surface values of electric field and charge, as is proposed in [25] . Following this compensation procedure and based on the dimensions of the surface charge as it is observed in figure 4 , the average field of 6 kV cm −1 would relate to a surface field of approximately 10 kV cm −1 . The birefringence patterns that are observed in figure 3 both before and after the impact of the ionization waves, have been reported in previous work [24, 25] . However, as reported, the cause of these patterns was unknown. As shown in [25] , the patterns become visible within the first few seconds when the plasma jet is turned on. By simple subtraction, the background patterns were easily removed to only focus on the electric field patterns. This new investigation indicates that the appearance of these background patterns is related to the temperature gradient present in the target caused by the plasma jet, as derived in equation (15) .
Numerically, a temperature profile is calculated for which the second derivatives are comparable with the patterns observed in the background images. Due to the relative unknown parameters of the photo-elastic tensor of BSO, as well as the coupling constant α, an optimization is performed to find the best conditions. Figure 5 shows on the left the resulting numerically obtained temperature profile using parameters p 11 = 0.16, p 12 = 0.13, p 21 = 0.12, p 44 = 0.12 and α = 15 · 10 −3 m 2 K −1 . The only additional boundary condition involved is choosing the room temperature in the bottom left corner. The jet is positioned horizontally on the left-hand side of the figure and as such the helium distributes the heat slightly towards the top right. The temperature profile is much broader than the area of impact of the ionization waves on the target.
A GaAs optical temperature probe is used to map pointwise the temperature measured on the backside of a glass plate with equal thickness of 0.5 mm under the influence of the plasma jet in equal conditions. The maximum temper ature measured is approximately 14 degrees above room temperature. The measured temperature profile corresponds well with the numerically obtained one, see figure 5 . This supports our hypotheses that the background is due to a local increase in temperature. A proper calibration is needed before using the linear retardances obtained from Mueller polarimetry to investigate temperature profiles. This can be done for instance by inducing different temperature profiles by operating the plasma jet at different voltages or frequencies.
Concluding, we have used time resolved imaging Mueller polarimetry for the first time to investigate an electro optic target under exposure of guided ionization waves produced by the plasma jet. Analyses of the birefringence LB and LB revealed the spatial pattern and local values of the electric field induced in the target, as well as the temperature profile. It is the first simultaneous diagnostic for the separate imaging of these two important parameters. Electric field or charge on an electro optic BSO crystal can be investigated also using a simpler setup, like a Senarmont setup as is used in e.g. [6, 7] . The advantage of using Mueller polarimetry is that the linear retardance is obtained in two different coordinate systems, instead of just one. Both depend on electric field and temperature in a different manner. So it is a more sensitive approach, since both can be used. This is important for instance when different crystals are examined showing a different response or when BSO is examined in a different way by using light not at normal incidence but at an inclined angle. With Mueller polarimetry only, the interpretation of the measured Mueller matrix or logarithmic decomposed matrix changes, not the measurement setup itself.
In addition to Mueller polarimetry, all of the optical information of the sample is obtained, not only retardance. For now, we have neglected any discussion about depolarization, because only small cracks on the surface of the BSO crystal cause depolarization. However, this technique can be used in future research to investigate many different samples that contain additional optical information like depolarization. This could include thin film biomedical tissue, plastics/polymers, catalytic surfaces, etc. Having a time resolved Mueller polarimetry setup would allow us to see optical changes due to the impact of a periodical and reproducible plasma source like the plasma jet. In general, the investigation of dynamical systems is now possible by using time resolved Mueller polarimetry, which to the best of our knowledge has not been done before. 
